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ABSTRACT

Metal-phenolic network (MPN) coatings have generated increasing interest owing to their
biologically inspired nature, facile fabrication, and near-universal adherence, especially for
biomedical applications. However, a key issue in biomedicine is protein fouling, and the
adsorption of proteins on tannic acid-based MPNs remains to be comprehensively studied.

Herein, we investigate the interaction of specific biomedically relevant proteins in solution
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(bovine serum albumin (BSA), immunoglobulin G (IgG), fibrinogen) and complex biological
media (serum) using layer-by-layer-assembled tannic acid/Fe! MPN films. When Fe'! was the
outermost layer, galloyl-modified poly(2-ethyl-2-oxazoline) (P(EtOx)-Gal) could be grafted to
the films through coordination bonds. Protein fouling and bacterial adhesion were greatly
suppressed after functionalization with P(EtOx)-Gal and the mass of adsorbed protein was
reduced by 44-92%. Interestingly, larger proteins adsorbed more on both the MPNs and
P(EtOx)-functionalized MPNs. This study provides fundamental information on the interactions
of MPNs with single proteins, mixtures of proteins as encountered in serum, and the

noncovalent, coordination-based, functionalization of MPN films.

INTRODUCTION

Methods for depositing thin films are of immense scientific and technological interest, as they
dominate the interaction between the coated material and the surrounding environment.!
Versatile film formation strategies have recently been developed by exploiting the material-
independent adherent capabilities of phenolic compounds.?*° For example, we recently reported
the assembly of metal-phenolic network (MPN) films prepared from natural phenolic building
blocks (e.g., tannins, tannic acid (TA), gallic acid) via the coordination cross-linking of metal
ions (e.g., Fe'l, Cu").>7 Additionally, synthetic derivatives, such as multi-arm polyethylene
glycol (PEG) polymers functionalized with catechol end groups, have been assembled by
coordination into capsules that showed reduced fouling depending on the PEG content.®®
However, TA and Fe'! are both known to interact with proteins, where tannins are traditionally
quantified by precipitation assays with proteins in food and leather, and induce cell
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coagulation, whereas iron oxide particles display strong interactions with proteins when



studied in culture media.!>!* Nevertheless, the fouling properties of MPN films and methods for
reducing the fouling properties of TA-based MPN films have not been extensively studied. For
example, a promising technique used for other metal-organic materials is chelation-based end-
tethering,'* which could offer a route, currently unexplored, for post-modifying MPN films with
low-fouling polymers. Fundamental studies on protein adsorption onto MPN films and the
functionalization of MPN films for reduced fouling would provide useful insights for a wide
scope of biomedical applications.

Herein, we quantitatively investigate the adsorption of proteins, i.e., bovine serum albumin
(BSA), immunoglobulin G (IgG), and fibrinogen, and complex biological media, namely fetal
bovine serum (FBS), on MPN films using a quartz crystal microbalance (QCM) (Figure 1). The
MPN films were prepared by the layer-by-layer (LbL) assembly method (Figure 1a—d).!>!'® LbL

assembly!!”

offers the possibility of studying the effect of the outermost (last adsorbed) layer on
the surface properties of the resulting films,!>!® for example, to distinguish which building block
(TA or Fe'') plays a more important role in governing MPN—protein interactions (Figure 1e).
This enables a better understanding of to the biological interactions of MPNs and tannic acid-
based materials.'>* In contrast to previous studies on the covalent modification of polyphenol
films,2'?> herein we demonstrate the use of coordination-based end-tethering with galloyl-
terminated poly(2-ethyl-2-oxazoline) (P(EtOx)-Gal) in significantly reducing the amount of
adsorbed proteins on the MPN films (Figure 1f-h). The noncovalent nature of the galloyl-metal
interaction allows for the facile and tunable functionalization of MPN coatings. This

functionalization method, along with the properties imparted by the P(EtOx) provides new

opportunities for the fabrication of MPN films with reduced biofouling.
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Figure 1. Illustration of the TA/Fe' LbL assembly process and subsequent fouling on
nonfunctionalized (pristine) and P(EtOx)-Gal-functionalized films. (a) Molecular structure of
tannic acid (TA). (b—d) LbL assembly of TA/Fe layers on a planar substrate, whereby the
composition of the last layer can be TA or Fe'''. (¢) Affinity of proteins with LbL-assembled
MPNSs. Films capped with either Fe'! or TA both showed large mass increases when incubated
with proteins. (f) Molecular structure of coordination between the galloyl groups of TA and/or
P(EtOx)-Gal with Fe'. (g) Phenolic coordination-based surface functionalization of LbL-

assembled MPNs with P(EtOx)-Gal to reduce protein fouling (h).

MATERIALS AND METHODS
Materials. High-purity water with a resistivity of 18.2 MQ cm was obtained from an in-line

Millipore RiOs/Origin water purification system. The pH of solutions was measured with a



Mettler-Toledo MP220 pH meter. Unless otherwise noted, all chemicals were used as received.
FBS was obtained from Gibco. 2-Ethyl-2-oxazoline and methyl tosylate were purchased from
Sigma-Aldrich, distilled to dryness, and stored under argon. Acetonitrile, phosphate-buffered
saline (PBS) tablets, TA, iron(IIl) chloride hexahydrate (FeCl3-6H20), IgG from bovine serum,
BSA and fibrinogen of bovine source, poly(ethylene imine) (PEI), and quartz slides were
purchased from Sigma-Aldrich. QCM crystals (9 MHz) were purchased from Kyushu Dentsu
Co., Ltd., Japan. For the quartz crystal microbalance with dissipation monitoring (QCM-D)
measurements, the crystals were purchased from Q-Sense, Sweden. The LIVE/DEAD BacLight
Bacterial Viability Kit L7012 was purchased from Molecular Probes Inc.

Substrate Preparation. Before layer formation, gold-coated QCM crystals or quartz slides
were cleaned by exposure to Piranha solution (70:30 v/v 97% sulfuric acid/30% hydrogen
peroxide), followed by washing with water and ethanol, and drying with nitrogen gas. Caution!
Piranha solution is highly corrosive. Extreme care should be taken when handling piranha
solution and only small quantities should be prepared.

MPN Film Formation. Layer deposition and subsequent polymer or protein adsorption were
monitored using QCM and QCM-D. The film was prepared as previously described.'”> From
stock solutions of 40 mg mL' TA (stored at 4 °C for a maximum of 7 days), 0.4 mg mL!
solutions of TA were prepared in water. QCM crystals or multi-well plates (for bacterial
adsorption assays) were exposed to this solution for 10 min. Thereafter, the surface was washed
with water. For the next layer deposition, the substrate was exposed to an aqueous solution of 0.1
mg mL"' of FeCl3-6H20 for 10 min and subsequently rinsed with water. This process was

repeated for the desired number of times (Figure 1b-d). After MPN deposition, the coated



substrate was exposed to a polymer (1 mg mL™) and/or protein solution without pH adjustment,
unless otherwise specified.

QCM Measurements. Quantitative measurements of protein and polymer adsorption were
performed using QCM. Specifically, for the mass adsorption studies in air, a QCM device
(Hewlett—Packard) equipped with ~9 MHz electrodes (resonance frequency) was used. After
each adsorption step, the crystal was placed in the frequency counter and the resonance
frequency of the crystal was recorded. The adsorbed mass, which corresponds to a decrease in
resonance frequency (Af), was determined using the formula:

Mass density (g m?) = —Af(Hz) x 2.73 x 10

QCM-D was performed using a Q-sense E4 (Q-sense, Sweden) instrument to monitor the
adsorption in real time. Changes in the resonance frequency (Af) and dissipation (AD) were
recorded at 23 °C. Normalized frequencies using the third overtone were measured. An
adsorption time of 10 min and washing time of 10 min were used.

Atomic Force Microscopy (AFM) Measurement of Root Mean Squared Roughness
(Rrms). AFM images were captured on an MFP-3D Asylum Research instrument. Typical scans
were recorded in alternating current mode with ultra-sharp SiN gold-coated cantilevers (NT-
MDT). Films were formed on quartz slides with a PEI (1 mg mL" in 500 mM NaCl solution)
primer layer.'> Rrvs values were calculated from 5 x 5 um? scanned areas on the substrates.

Contact Angle Measurements. Static and advancing water contact angles of the coated quartz
substrates were measured using a Model 200 standard goniometer (Ramé-Hart, USA). All
contact angles were measured using a 10 pL water droplet at ambient temperature. Films were

formed on quartz slides with a PEI (1 mg mL! in 500 mM NaCl solution) primer layer.



X-Ray Photoelectron Spectrometry (XPS) Measurements. XPS spectra were recorded on a
VG ESCALAB 220i-XL spectrometer equipped with a monochromic Al Ka X-ray source with
an emitted photon energy of 1486.6 eV at 10 kV and 12 mA. Measurements were processed at a
step size of either 0.5 eV (wide scans) or 0.5 eV (region scans). Film samples (on QCM gold
chips) were screwed to Al holders, and samples were examined in the analysis chamber at a
typical operating pressure of ~1 x 10 Pa.

UV-Visible (UV-Vis) Spectroscopy Measurements. UV-Vis spectroscopy measurements
were performed on a Varian Cary 4000 UV-vis spectrophotometer. Films were formed on quartz
slides with a PEI (1 mg mL™! in 500 mM NaCl solution) primer layer.

Bacteria Adsorption Assay. Escherichia coli (E. coli, American Type Culture Collection
(ATCC) #14948) were cultured in Luria broth medium at 37 °C with constant shaking until an
optical density at 600 nm (OD600) of 0.6 or ~ 6 x 10% cfu mL! was obtained. The E. coli were
then washed in Dulbecco’s phosphate-buffered saline (DPBS), and 5 x 107 cfu was added into 8-
well chambered glass slides coated with MPN films. The wells were washed with DPBS three
times and the bacteria were labeled with LIVE/DEAD BacLight using the supplier’s protocol.
Finally, adhesion was determined by counting the adhered bacteria in four random spots in each
well using an inverted Olympus 1X71 microscope with a 60x objective.

Preparation of P(EtOx)-OH and P(EtOx)-Gal. A stock solution containing methyl tosylate
(51 mg, 0.25 mmol) and 2-ethyl-2-oxazoline (EtOx, 1.5 g, 15.1 mmol) was prepared in
acetonitrile (4.6 g, 112 mmol). The total monomer concentration was adjusted to 2 M to achieve
a monomer-to-initiator ratio of 55:1. The stock solution was split equally and introduced in two
polymerization vials that were capped under argon. The vials were heated to 85 °C in an oil bath

for 7.5 h. After cooling, the polymerization in one vial was terminated by the addition of aqueous



potassium carbonate solution, and the polymer solution was refluxed overnight and worked up
by extraction with dichloromethane and precipitation in ice-cold diethyl ether. A 2-fold excess of
gallic acid (with respect to the initiator) was added to the other vial and the polymerization
mixture was stirred in the dark at room temperature overnight. Subsequently, the polymer
solutions were diluted with dichloromethane, washed three times with saturated NaHCO3 and
brine, and dried over MgSOa4. After concentrating the solutions under reduced pressure, the
polymers were precipitated in ice-cold diethyl ether. The conversion and the end group
functionalization were calculated to be 91% and 81%, respectively. Size-exclusion
chromatography (SEC) (DMAc, LiBr): P(EtOx)-OH M, = 9040 g mol’!, D = 1.22; P(EtOx)-Gal
M= 10500 g mol™!, D =1.25. '"H-NMR (MeOD, 400 MHz): 6 7.0-6.9 (gallic acid), 3.8-3.3 (N-
CH»), 2.6-2.2 (CH2 EtOx), 1.2-0.9 (CH3 EtOx). SEC analyses of the polymer samples were
performed in N,N-dimethylacetamide (DMAc) with 0.03% w/v LiBr and 0.05% 2,6-dibutyl-4-
methylphenol using a Shimadzu modular system comprising a DGU-12A degasser, an SIL-
10AD automatic injector, a 5.0 um bead-size guard column (50 mm X 7.8 mm) and an additional
four 300 mm x 7.8 mm linear Phenogel columns (bead size: 5.0 pum; pore sizes: 10°, 104, 103,
and 500 A), and an RID-10A differential refractive index detector. The temperature of the
columns was maintained at 50 °C using a CTO 10A oven, and the flow rate was kept at 1 mL
min! using a LC-10AT pump. A molecular weight calibration curve was produced using
commercial narrow molecular weight distribution polystyrene standards with molecular weights
ranging from 500 to 10° g mol!. '"H NMR spectra were recorded using a 400 MHz Varian

INOVA system at 25 °C.

RESULTS AND DISCUSSION



Layer-by-Layer Assembly and Protein Fouling of TA/Fe" Films. TA/Fe films were
assembled on QCM substrates pre-coated with PEI via LbL assembly by exposing the QCM
chips first to TA solution (0.4 mg mL™), followed by washing with water and subsequent
immersion into a solution of FeCl3-6H20 (0.1 mg mL™) (Figure 1a—d). PEI was used to increase
the adhesion and homogeneity of the first layer of TA.!> After drying the substrates under a
gentle stream of N2, the change in frequency was recorded and the corresponding mass change
was calculated. A linear growth of the MPN film was observed (Figure 2a) with sequential layer
deposition, which is consistent with previous reports that have shown that each bilayer of
TA/Fe'! is roughly the thickness of a single TA molecule (~2-3 nm).!> The deposition cycles
were repeated at least three times (i.e., (TA/Fe)s) to ensure complete coverage of the
substrate,?>?* followed by exposure to protein solutions. As an example, films capped with either
Fe" or TA both showed large mass increases when incubated with FBS (Figure 2b), suggesting
that the interaction of TA and Fe'" with proteins is not inhibited when deposited into films.'*-!?
Previous reports have demonstrated that the surface charge of LbL-assembled MPNs is negative

111

(approximately —45 mV) regardless of the capping layer (Fe™ or TA), primarily due to the

dominant negative charge of TA.!> Nevertheless, in the context of protein adsorption, the surface
charge of the MPN films is not a sufficient descriptor of the surface. As we have previously
described using atomic force microscopy force measurements, secondary nonelectrostatic
interactions (hydrogen bonding, m—r stacking) also play important roles when MPN surfaces
interact with other surfaces or macromolecules.?’

Previous reports have used proteomics to establish the composition of the adsorbed layer of

26 7

proteins on surfaces of metal oxide,?® carbon nanotubes,?’ adsorbed polyelectrolytes,?® and

polymer particles.?3* These studies investigated the effect of surface functionality, density,?*!



273435 a5 well as proteomic profiles. Despite the structural complexity of

and hydrophobicity,
proteins, a recurrent concept in protein adsorption is that, for protein solutions of purified
proteins at the same concentration, the adsorption of proteins with larger molar masses results in
higher total adsorbed mass.?’*® To have a more specific and comparable understanding of protein

I films, the adsorption of BSA, IgG, and fibrinogen were studied and

adsorption on TA/Fe
compared with that of serum, a complex solution of proteins. BSA offers a particularly relevant
point of comparison as albumins represent more than half of the protein content in serum. The
molar masses (M) of the proteins studied are 66 kDa for BSA, 155 kDa for IgG, and 340 kDa
for fibrinogen. The degree of hydrophobicity of the proteins increases in the order BSA < IgG <

fibrinogen but they bear a similar charge in PBS (i.e., negative at ~pH 7.4).
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Figure 2. (a) LbL layer growth of a (TA/Fe")ss film and subsequent serum (FBS) adsorption.
(b) Adsorbed mass of serum on (Fe'-terminated) (TA/Fel); films and (TA-terminated)
(TA/Fe")s 5 films measured either after a single exposure to serum or after a second exposure to

serum.

For both MPN systems (Fe-terminated and TA-terminated), larger proteins resulted in larger
adsorbed amounts (Figure 3), which is consistent with literature findings of studies on the
37,38

adsorption of the same types of proteins on silicone and plasma-treated polymer surfaces.

Specifically, the adsorbed mass of both IgG and fibrinogen was more than twice as high as that
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of BSA and serum. The fact that the adsorbed mass of BSA matches well with adsorbed serum
amounts suggests a potentially dominant adsorption from BSA, which is substantially more
abundant in serum. As a final proof, the MPN films were pre-incubated with individual proteins
and the protein-coated MPNs were exposed to serum to monitor the different adsorption amounts
(Figure S1). Very little serum adsorbed onto the IgG- and fibrinogen-coated MPNs compared
with the BSA-coated MPNs, further suggesting that higher molecular weight proteins lead to a
reduction in serum fouling properties, similarly to what can be seen when examining the
adsorption of other macromolecules, such as polymers,*® possibly due to a larger hydrodynamic
thickness from larger macromolecules. This hypothesis is further verified when considering that
an adsorption time of 10 min was used, where diffusion-limited behaviors are known to govern
adsorption,** thereby promoting interactions with smaller proteins that diffuse faster to the
surface, adsorb, and prevent the adsorption of larger proteins on the surface. Nevertheless, some
intermediate adsorption equilibrium will be reached as this competitive adsorption
predominantly occurs over the first minute.** Longer exposure times to a mixture of proteins, as
is the case in serum, may significantly affect the composition of the adsorbed proteins as has
been shown for synthetic polymer systems.*”

Despite serum proteins adsorbing in substantially larger amounts on Fe-terminated MPNs,
the adsorbed masses for all three individual proteins investigated were larger on TA-terminated
MPNs, with smaller adsorption differences when the protein molar mass increases. The
importance of the protein Mx on adsorption onto MPNs was reinforced by examining the
adsorption of a protein that is considerably smaller than BSA, namely lysozyme (M~ = 14.4
kDa). On TA-terminated MPNs, the adsorbed mass of lysozyme was approximately three times

smaller than the adsorbed mass of BSA (1.13 + 0.8 mg m™ for lysozyme vs 3.15 + 1.0 mg m™ for
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BSA). Lysozyme is positively charged in PBS and is therefore expected to adsorb in smaller
amounts if surface charge is the key factor for adsorption. This result suggests that serum
proteins other than the ones studied above may adsorb more specifically on the Fe''-terminated
MPN surface, as many blood proteins have an affinity for metal ions (e.g., hemoglobin,
transferrin). In contrast, as the TA-terminated MPN surface had nearly the same adsorbed mass
from serum and solely BSA, it is again suggested that BSA was the predominant protein

adsorbing onto TA from serum.
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Figure 3. Adsorbed mass of BSA, IgG, and fibrinogen on (Fe'"-terminated) (TA/Fe'")s films and

(TA-terminated) (TA/Fe")3 5 films.

P(EtOx) Functionalization of TA/Fe! Films. Cohesion in MPN films principally arises from
the metal ions (i.e., coordination bonds), which suggested that it might be possible to
noncovalently modify the films to reduce protein fouling using polymers containing galloyl
moieties. Poly(2-ethyl-2-oxazoline) bearing galloyl end groups (P(EtOx)-Gal) was compared
against hydroxy-terminated P(EtOx) (P(EtOx)-OH) to determine whether coordinative
functionalization was possible. Recently, the interactions of poly(2-isopropyl-2-oxazoline) and

poly(2-n-propyl-2-oxazoline) with TA were used in LbL assembly; the results have shown that
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the two materials can interact noncovalently through hydrogen bonds.*'** However, noncovalent
chelation-based tethering has not yet been accomplished for MPNs. LbL assembly of MPNs
allows for control over the composition of the final layer, thereby ensuring the presence of Fe!l
for chelation. Poly(2-oxazoline)s are an emerging class of low-fouling polymers with beneficial
biomedical properties and a highly functional polymer platform.***” The relative ease of
polymerizing the monomers and potential to generate tailor-made low-fouling/stealth polymers
make them highly interesting polymeric building blocks with tunable properties for numerous
applications.*®* The P(EtOx) polymers were prepared by cationic ring-opening polymerization
of 2-ethyl-2-oxazoline. For subsequent functionalization with hydroxy and galloyl end groups,

the living polymer chains were terminated by treatment with aqueous potassium carbonate

solution and gallic acid, respectively.
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Figure 4. UV-Vis absorption spectra obtained by subtracting the MPN spectrum from the
P(EtOx)-Gal-functionalized (a) (TA/Fe)s MPN film and (b) (TA/Fe')ss MPN film spectra.
Insets show the original spectra used in the subtraction (solid line, before P(EtOx)-Gal

functionalization; dashed line, after P(EtOx)-Gal functionalization).

The interaction of P(EtOx)-Gal with MPNs was first investigated with different end layers (TA
vs Fe') to determine if the low-fouling P(EtOx) could be tethered to MPNs through chelation.
UV-Vis analysis demonstrated an increase in absorbance at ~210 nm and ~335 nm for the
P(EtOx)-Gal-functionalized (Fe''-terminated) (TA/Fe'")s films (Figure 4a). The spectrum in
Figure 4a was obtained by subtraction of the absorbance spectrum of the bare (TA/Fe'))s (inset
in Figure 4a) from that of the P(EtOx)-Gal-functionalized (TA/Fe'); (inset in Figure 4a).
Therefore, the increase in absorbance at 210 nm was likely from the galloyl group, whereas the
increase in absorbance at higher wavelengths, 335 nm, was due to coordination between the
galloyl group on P(EtOx)-Gal and Fe' in the film.!> A control experiment not using chelation as
the driving force i.e. by monitoring P(EtOx)-Gal adsorption on a (TA-terminated) (TA/Fe")3 s
film displayed a similar peak at ~210 nm, highlighting the presence of the Gal end functionality
of the polymer, but no substantial increase in absorbance at 335 nm, which suggested a lack of
chelation (Figure 4b). The negative changes in absorbance values observed between 230 and
320 nm in Figure 4b may correspond to desorption of TA from the MPN film owing to

M and P(EtOx)-Gal, as seen in previous studies.’® In

competitive adsorption process involving Fe
addition, XPS measurements showed a significant increase in the nitrogen content from the N1s

region of the spectrum after P(EtOx)-Gal functionalization (Figure S2 and Figure S3), further

suggesting the presence of the nitrogen-containing P(EtOx) polymer. To further elucidate the
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mechanism of functionalization and the fouling properties of the modified films, comparison
experiments with P(EtOx)-OH, which does not contain the chelation site, were conducted.

Both P(EtOx)-OH and P(EtOx)-Gal adsorbed onto the Fe''-terminated MPN films in similar
amounts as confirmed by QCM, (Figure S5a). The (TA-terminated) (TA/Fe")ss films
functionalized with either P(EtOx)-OH or P(EtOx)-Gal displayed comparable Rrms values (~1.5
nm) as measured by AFM (Figure S4 and Table S1), suggesting a similar deposition mechanism
through hydrogen bonding between TA and P(EtOx) regardless of the end group. Moreover, the
Rrws values were similar to that of the nonfunctionalized (TA-terminated) (TA/Fe'")s s film (1.2
nm). Likewise, functionalization with P(EtOx)-OH did not yield a significant change in
roughness (0.7 nm for the nonfunctionalized film vs 0.5 nm for the functionalized film) for the
(Fe-terminated) (TA/Fe)s films; however, functionalization with P(EtOx)-Gal led to nearly a
doubling of the Rrms from ~0.7 nm (nonfunctionalized film) to ~1.3 nm (functionalized film)
(Table S1). This again suggested that the P(EtOx)-Gal was tethered through chelation and could
then partially orient away from the films in a globular fashion, thereby increasing the roughness.
Advancing contact angle measurements yielded similar results to the Rrms measurements where
functionalization with P(EtOx)-Gal resulted in lower contact angles than functionalization of
(Fe-terminated) (TA/Fe'"); films with P(EtOx)-OH, implying that the orientation of the
hydrophilic P(EtOx) polymer is away from the MPN surface (Table S1). Differences in Rrms are
coupled with corresponding changes in the static contact angle, whereby an increase in surface
roughness enhances the underlying hydrophilicity of the surface,’’ and correlation between Rrws

and contact angle was evident for the different modified MPN films (Figure SS).
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films with an Fe'''- or TA-terminated layer, respectively, or (TA/Fe'")s films functionalized with

PEtOx bearing different terminal groups (Gal or OH).

Protein and Bacterial Fouling of P(EtOx)-Functionalized TA/Fe" Films. Compared with
the Rrums of the P(EtOx)-OH-functionalized (Fe''-terminated) (TA/Fe'")s film, the higher Rrms of
the P(EtOx)-Gal-functionalized (Fe"-terminated) (TA/Fe'")s film is expected to lead to a larger
amount of adsorbed protein owing to the higher surface area assuming that both P(EtOx) films

are truly similar in surface chemistry. However, the P(EtOx)-Gal-functionalized (Fe''-
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terminated) (TA/Fe'); had a much lower protein fouling than the P(EtOx)-OH-functionalized
(Feterminated) (TA/Fe"); film (Figure 5b), which again supports the concept that P(EtOx)-
Gal was interacting specifically with the Fe layer of the MPN films. In contrast, P(EtOx)-OH
interacted with the films through hydrogen bonding across the whole polymer, rather than at the
end site only, as shown previously in polymer/TA LbL assembly studies.’>> Specifically,
functionalization with P(EtOx)-OH reduced the adsorption of serum proteins by ~49% but
functionalization with P(EtOx)-Gal showed a better reduction in serum adsorption (~86%)
(Figure 5b) relative to the mass adsorption observed for the corresponding nonfunctionalized
film. A previous report comparing low-fouling PEG-catechol/Fe'! capsules with TA/Fe!!
capsules demonstrated that PEG-based MPN capsules displayed ~80% lower fouling than TA-
based MPN capsules.® Although our MPN films were functionalized with P(EtOx) rather than
being solely composed of low-fouling materials, the similar fouling values obtained to those of
systems composed principally of PEG highlight that the present MPN films are uniformly coated
with P(EtOx)-Gal. Overall, these observations highlight that even though protein adsorption is
reduced from simple, nonspecific PEtOx adsorption, the specific conjugation of galloyl-

terminated polymers to Fe'!!

is necessary to engineer surfaces with significantly reduced surface—
protein interactions.

To quantitatively correlate the differences between the pristine and P(EtOx)-Gal-
functionalized (Fe'-terminated) (TA/Fe')) film, protein adsorption experiments were performed
with solutions of BSA, IgG, and fibrinogen. The adsorption of all three proteins was reduced
after P(EtOx)-Gal functionalization when compared to adsorption on the pristine (Fe'-

terminated) (TA/Fe'")s MPN film (Figure 6). The reduction in adsorbed protein mass of ~2.5 mg

m? was similar for all three proteins when comparing the pristine and P(EtOx)-Gal-
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functionalized MPN films. However, in relative terms ~90% less BSA adsorbed onto the
P(EtOx)-OH-functionalized (Fe''-terminated) (TA/Fe''")s film. Nonspecific binding constants of
37,38,40

IgG and fibrinogen are assumed to be considerably higher than that of serum albumin.

Thus, it is likely that the PEtOx-Gal coating simply raised these binding constants.
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Figure 6. Adsorbed mass of BSA, IgG, and fibrinogen on P(EtOx)-Gal-functionalized

(TA/Fe"); films and nonfunctionalized (TA/Fe'); films.

To determine whether the reduced protein fouling could be generalized to a more complex
system, bacterial adsorption tests were performed. First, it was determined that the films did not
have any effect on bacterial viability as the OD600 of the bacterial suspension continued to
increase even after longer (>4 h) exposure to the MPN films. Fe''-terminated MPN films and the
corresponding P(EtOx)-functionalized films were examined. Both P(EtOx)-functionalized films
showed ~66% reduced bacterial adhesion (Figure 7 and Figure S6). However, with larger
biological systems (i.e., bacteria) involved, the presence of P(EtOx) alone was enough to reduce
fouling regardless of orientation as both functionalization with P(EtOx)-Gal and P(EtOx)-OH
showed reduced adsorption (Figure 7). Nevertheless, this reduction in bacteria adsorption is not

as efficient when compared with some other polyphenol coatings functionalized by grafting-from
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strategies, or for other surfaces aimed specifically at antifouling characteristics, where polymeric

grafting-from is a preferred strategy to grafting-to.*

A. E. Coli solution " B. MPN

C. P(EtOx)-Gal functionalized D. P(EtOx)-OH functionalized

Figure 7. Representative fluorescence microscopy images of bacteria (E. coli) (a) in solution and
adsorbed onto (b) pristine (Fe'-terminated) (TA/Fe)s, (c) P(EtOx)-Gal-functionalized (Fe''-
terminated) (TA/Fe'")s, and (d) P(EtOx)-OH-functionalized (Fe'-terminated) (TA/Fe'')s MPN

films.

CONCLUSIONS

We have reported the formation of layer-by-layer TA/Fe''! MPN films and have quantified
protein and serum adsorption onto the films as a function of the composition of the terminal layer
and charge of the protein. Higher molecular weight proteins adsorbed in higher amounts on
MPNs. Additionally, we have demonstrated the possibility of using partially coordinated Fe'
ions as a means of adding specific functionality through the chelation of galloyl-terminated
P(EtOx), which reduced protein adsorption by 86% and bacterial adhesion by ~66%. In absolute

terms, the reduction of protein adsorption was similar for all three proteins studied. However, in

relative terms, the adsorption of smaller proteins was greatly reduced. We anticipate that other
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galloyl-terminated polymers could also be used for surface functionalization, potentially opening
up routes for adding targeting moieties, therapeutics, or imaging agents to MPN films and
capsules.
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